It is widely accepted that the concentration of people living in high-density city centers offers greater operational energy efficiency and lower greenhouse gas emissions than lower-density expanded suburbs. The prevailing assumption is that lower-density suburbs are dominated by larger low-rise buildings that have higher building energy use requirements and greater per-person automobile travel requirements than high-density city centers dominated by medium-and high-rise buildings located in close proximity to a variety of public transit systems. However, very few studies to date have utilized empirical data at an individual household scale to evaluate differences in the operational energy (OE) footprints for both building and transportation energy end-uses between high-rise urban and low-rise suburban households. Therefore, this work collects empirical data on building and transportation OE consumption by individuals and households living in two economically similar groups: existing high-rise residential buildings in downtown Chicago, IL, USA and existing low-rise residential buildings in suburban Oak Park, IL, USA. Data were collected from over 500 households via an online survey. We considered the following components of residential living: (1) building OE (BOE), which includes electricity and/or natural gas use for all building energy end-uses; and (2) transportation OE (TOE), which includes the OE for multiple modes of transportation (i.e., automobile, bus, subway, regional train, etc.) based on average travel behavior in each location, as well as the OE for supporting transportation infrastructure. We estimate that downtown high-rise living in this sample of residences in Chicago, IL accounts for approximately 427 GJ of primary OE per household per year, on average, which was 14% lower than the average for suburban low-rise living in the Oak Park, IL homes (499 GJ per household per year). However, on a per-person basis, downtown high-rise living accounts for approximately 246 GJ of primary OE per person per year, which was approximately 61% higher than suburban low-rise living (153 GJ per person per year). In both building types, building OE was the single largest contributor to total OE use. This study accurately captured the energy requirements associated with realistic behaviors and lifestyles of occupants of both low-rise suburban and high-rise urban households, and found that building OE dominates the total OE, which suggests that efforts to reduce building OE should be given high priority in building design and management as well as urban planning.
Introduction
The United Nations forecasts that 70% of the world's projected 9 billion inhabitants will live in urban areas by the year 2050, up from 51% of 7 billion urbanized inhabitants as of 2010 [1] . The enormity 
Case Study Set 1: Downtown High-Rise Residential Towers in Chicago, IL, USA
The four downtown residential towers are located in areas of relatively high urban density and are served by numerous forms of public transportation (see Figure 2 ). These four residential towers were chosen for convenience based on the positive response by their developers, architects, and management companies. However, their locations generally represent two distinct areas of downtown Chicago high-rise residential life. The Aqua Tower and the Legacy at Millennium Park are both located in the downtown Chicago Loop (population density: 7200 people/km 2 ). The 73-story Legacy at Millennium Park is located in the heart of a central business district of the Chicago Loop, facing eastward to Millennium Park and Lake Michigan. The 86-story Aqua Tower is located in Lakeshore East, a master-planned mixed-use urban development comprising apartments, condos, luxury townhomes, shops, and a six-acre park as the neighborhood's centerpiece. The 27-story Commonwealth Plaza (comprising two towers) is located on the edge of the Lakeview and Lincoln Park neighborhoods (Lakeview population density: 12,000 people/km 2 ), approximately 8 km north of the downtown Chicago Loop [19, 20] . These are two of the highest density residential neighborhoods in the City of Chicago. These residential towers were also chosen because they included both relatively new and older existing construction: both the Aqua and Legacy towers were recently constructed (2009) (2010) , while the Commonwealth towers were built in 1956. The four downtown residential towers are located in areas of relatively high urban density and are served by numerous forms of public transportation (see Figure 2 ). These four residential towers were chosen for convenience based on the positive response by their developers, architects, and management companies. However, their locations generally represent two distinct areas of downtown Chicago high-rise residential life. The Aqua Tower and the Legacy at Millennium Park are both located in the downtown Chicago Loop (population density: 7200 people/km 2 ). The 73-story Legacy at Millennium Park is located in the heart of a central business district of the Chicago Loop, facing eastward to Millennium Park and Lake Michigan. The 86-story Aqua Tower is located in Lakeshore East, a master-planned mixed-use urban development comprising apartments, condos, luxury townhomes, shops, and a six-acre park as the neighborhood's centerpiece. The 27-story Commonwealth Plaza (comprising two towers) is located on the edge of the Lakeview and Lincoln Park neighborhoods (Lakeview population density: 12,000 people/km 2 ), approximately 8 km north of the downtown Chicago Loop [19, 20] . These are two of the highest density residential neighborhoods in the City of Chicago. These residential towers were also chosen because they included both relatively new and older existing construction: both the Aqua and Legacy towers were recently constructed (2009) (2010) , while the Commonwealth towers were built in 1956. 
Case Study Set 2: Suburban Low-Rise Residences in Oak Park, IL, USA
The Village of Oak Park, IL was chosen as the representative suburban low-rise residential area for comparison to the downtown high-rise towers. The location was also selected for convenience, in part because of the strong support of our study displayed by the area's leadership. Oak Park (population density: 4262 people/km 2 ) is located approximately 14 km from Chicago's city center [20] . As an inner suburban neighborhood, Oak Park constitutes a relatively dense mix of single-family homes and apartments, with a relatively walkable environment. It is also accessible to much of Chicagoland's public transportation systems, including the Chicago Transit Authority (CTA) green and blue elevated train and subway lines and the regional Metra train lines. Because of this connection to public transit, Oak Park is considered distinctly suburban, rather than exurban like many of Chicago's other surrounding towns (e.g., Aurora or Naperville, IL, USA). Figure 3 shows the different urban layouts of the surrounding communities of the downtown high-rise and suburban low-rise cases in this research. 
Data Collection
Operational building energy data and personal and household travel characteristics were collected via a comprehensive online survey created using SurveyGizmo. The research approach and the questionnaire were reviewed and approved by the Illinois Institute of Technology Institutional Review Board (IRB) via an expedited procedure. The study launched in Oak Park in February 2014, and in the Legacy at Millennium Park, Commonwealth Plaza, and Aqua Tower in March, May, and June 2014, respectively. The survey remained open for approximately three months in each case. Participants were recruited by a combination of activities, including promoting on the websites of the buildings and their respective community groups, emailing solicitations to residents, advertising in the building and/or community newsletters, posting flyers in the buildings, mailing letters to targeted households, and giving presentations at social and community events. Although it took approximately 45 min to complete the survey, over 1500 individuals were contacted directly, resulting in over 500 responses. The information from the online questionnaires completed by residents included: The amount of annual BOE was gathered from participants' utility bills (i.e., electric, gas, and, for the high-rise towers, chilled water [21] [22] [23] bills) collected from individual households in both downtown and Oak Park residences. The individual households in all locations were asked to either submit a copy of the most recent 12 months of utility bills, including electric and/or gas bills, or to enter the same data directly into the online survey. In addition, the management personnel at the downtown residential towers were asked to provide the most recent 12 months of utility bills, including electric, gas, and chilled water bills (if applicable), for the entire building. The whole-building bills for different residential towers covered different operational categories and serving areas. For example, the whole-building bills in the Legacy Building covered usage for all public areas and spaces outside individual units, plus usage of heated and chilled water within individual units. The whole-building bills in the Aqua Tower and Commonwealth Plaza covered usage in public areas as well as usage for cooking, heating, and heated and chilled water within individual units.
Because of differences in survey launch and completion times, the collected utility data did not fall in the exact same 12-month period for all households. Further, some of the collected utility data Energies 2016, 9, 445 6 of 27 did not cover a full 12-month period. For example, the electricity usage data provided by Home A may have covered only 10 months from March 2013 to December 2013, while the natural gas usage data provided by Home B covered 11 months from May 2013 to April 2014. Therefore, two approaches were taken to provide a comparable 12-month dataset for as many homes as possible. First, the 12-month period of April 2013 to March 2014 was chosen as the common analysis period for annual BOE use because it was the period of time that contained the largest number of overlapping utility bill responses. Second, any missing data on monthly energy use for individual homes during any remaining months in this 12-month period were estimated by simple and/or multiple linear regression models between monthly energy use, monthly cooling degree days (CDD), and/or monthly heating degree days (HDD). The regressions were constructed using only the months for which there were utility bill data. The approach was considered appropriate because heating and cooling end-uses account for nearly half of the annual energy use in a typical U.S. home, making space conditioning the largest energy expense for most homes [24] . Only those buildings/households that provided at least eight months of energy usage data across all the applicable energy source types (i.e., electric, gas, and chilled water where applicable) were included for the regression analysis.
For the cases that used electricity for cooling and gas for heating, a linear regression model was used to predict the missing electricity usage associated with CDD, and another linear regression model was used to predict the missing gas usage associated with HDD. For the downtown residential towers that use chilled water provided and delivered by the city's district chilled water system for cooling, a linear regression model was used to predict the missing chilled water usage associated only with CDD. For the cases that used electricity for both cooling and heating, a multiple linear regression model was used to predict the missing electric usage associated with both CDD and HDD.
Site energy use data (i.e., the energy consumed directly at the buildings) were then converted into source (i.e., primary) energy use for the analysis herein. Source energy is the sum of the energy consumed at a facility and the energy required to extract, convert, and transport that useful energy to the facility [25] (p. 3). The various site energy metrics from the collected utility bills (i.e., "kWh" for electricity bills, "therm" for gas bills, and "ton-hour" for chilled water bills) were converted to source energy (MJ) using Equations (1)-(3): 
In Equation (1), 3.6 converts from kWh to MJ and 3.167 converts site energy to source energy for grid electricity in Chicago [26, 27] . In Equation (2), 105.5 converts therms to MJ and 1.084 converts site energy to source energy for natural gas in Chicago [26, 27] . In Equation (3), 12.66 converts ton-hours to MJ; 3.167 converts site energy to source energy for electricity in Chicago [22, 26, 27] ; and 6.1 is the estimated coefficient of performance (COP) for the electric motor driven centrifugal chillers used by Thermal Chicago's downtown chilled water loop [28] . Unfortunately, the exact COP of the chillers was not available; a conservative estimate of 6.1 was used, as it is the COP for a baseline centrifugal chiller according to ASHRAE 90.1-2007 [29] .
Transportation Operational Energy (TOE)
Next, TOE requirements for transportation and supporting infrastructure were quantified on both a per-household and a per-person basis across both urban and suburban scenarios. These data were based on actual travel data collected through the survey combined with data on vehicle fuel economy from FuelEconomy.gov [30] for personal vehicle use, as well as the transportation LCA database (tLCAdb) for public transit use and supporting infrastructure for all modes of travel [31] [32] [33] . The modes of transport included automobile, bus, CTA train (Chicago's combination of local subway Energies 2016, 9, 445 7 of 27 and elevated rail trains), and Metra (the Chicago area's regional rail system). As Table 1 shows, the OE categories include vehicle operation, roadway/station lighting, station escalator operation, station train control, and others. The online survey gathered information on the number, make/model, and year of automobiles owned by each household, as well as the annual vehicle miles traveled (VMT) by automobile. The average annual automobile OE per household in each study case was then calculated using Equation (4):
In Equation (4), n is the total number of households that reported their travel behavior in each study case; VMT i is the annual miles traveled by automobile by Household i; MPG i is the average estimated fuel economy (miles per gallon) [30, 34] of all of the automobiles reported by household i; 0.133 converts gallons of gasoline to gigajoules (GJ) based on the average energy density of the fuel [26, 35] ; and 1.05 converts gasoline from secondary energy to primary energy.
It should be noted that not all the survey takers who reported their detailed travel behavior provided the complete vehicle information (i.e., number, make/model, and/or year). In the absence of these data, assumptions were made based on each location to estimate the likely fuel economy of vehicles in each missing household. The average year of automobiles owned by the households in the Aqua Tower, Commonwealth Plaza, Legacy Building, and Oak Park was reported as 2008, 2006, 2010, and 2005, respectively. Also, larger vehicles (e.g., vans, minivans, and pickup trucks) accounted for a larger portion of vehicles in the Oak Park households than did smaller vehicles (e.g., sedans, hatchbacks, convertibles, and coupes). The opposite was true for vehicle owners in the downtown high-rise households (see Appendix A for more detailed data). Therefore, in the absence of information on vehicle make/model (and thus fuel economy), the most popular vehicles of the most appropriate type were assumed to be owned in each location. A 2008, 2006, and 2010 Toyota Camry, which was the best-selling passenger car in the corresponding years in the United States [36] , was assumed as the vehicle type for those in high-rise households who did not report the complete vehicle information, while a 2005 Chevrolet TrailBlazer, which was the best-selling SUV in the United States in the same year [37] , was assumed as the vehicle type for those Oak Park households who did not report complete vehicle information [30, 38] .
Last, the annual vehicle OE per passenger miles traveled (PMT) via public transportation, including bus and light/heavy rail transit, and the annual transportation infrastructure OE per PMT, including automobile, bus, and light/heavy rail transit, were estimated using the transportation LCA database (tLCAdb) [31] [32] [33] 39 ]. The resulting vehicle OE usage for bus, CTA train, and Metra train in Chicago were estimated to be 3.21, 1.04, and 1.02 MJ/PMT, respectively, and the resulting transportation infrastructure OE usage for automobile, bus, CTA train, and Metra train in Chicago was estimated to be 0.04, 0.002, 0.057, and 0.246 MJ/PMT, respectively. Total annual TOE was then estimated by multiplying these values by the annualized passenger miles traveled by each mode of transport reported in the online survey. 
Results
A large number of survey responses were received in both the high-rise and low-rise scenarios, as shown in Table 2 . Individuals from nearly 1000 households were contacted in the downtown high-rise towers, resulting in 249 fully or partially completed surveys (response rate of 25%). Over 560 low-rise households in Oak Park were initially contacted, resulting in 273 fully or partially completed surveys (response rate of 48%). A similar number of both high-rise and low-rise households completed the survey, providing a robust dataset of over 500 responses for analysis, split approximately evenly between high-rise and low-rise households. Table 3 outlines the basic characteristics of the two case study sets using data collected from the partially and fully completed surveys, as well as several other public data sources. In general, Oak Park residents were younger than downtown high-rise residents, and also had larger household sizes. Most of the low-rise Oak Park homes were older (built before 1950), while two of the downtown towers (Aqua and Legacy) were recently constructed (2009-2010) and one tower (Commonwealth) was built in 1956. In terms of neighborhood statistics, downtown Chicago residences indeed had a higher population density and greater accessibility to public transportation than Oak Park residences. Oak Park residences had a larger average ground floor area (GFA) than the downtown high-rise cases on a per-household basis, but a smaller average GFA than the Aqua Tower or Legacy Building on a per-person basis. 
Building Operational Energy (BOE)

Building Operational Energy (BOE) Analysis of Suburban Low-Rise Residential Buildings
The total annual BOE for Oak Park households was calculated based on their individual utility bills, which consisted of two parts: BOE via electricity use (BOE e ) and BOE via natural gas use (BOE g ). Site energy use for these two end-uses was converted to source energy use using Equations (1) and (2) . Table 4 summarizes the combination of these two annual building BOE measures from April 2013 to March 2014 for the Oak Park households, normalized for floor area, per household, and per person. Appendix B provides full details on annual BOE for each home. 
Building Operational Energy (BOE) Analysis of Downtown High-Rise Residential Buildings
Unlike the Oak Park low-rise homes, which all had individual utility bills, the total BOE for the Chicago downtown high-rise residences consisted of two parts: the BOE via electricity use [41] paid by the individual units (BOE i ) and the BOE via electricity, gas, and/or chilled water paid by the building management (BOE b ). The Aqua Tower was unfortunately excluded from the BOE analysis because the energy usage data received from its building management was too limited to be used to conduct a reasonable BOE analysis. The Aqua Tower is a mixed-use building including condominiums, apartments, and hotel spaces, with all of the amenities accessible to all permanent and temporary residents. Unfortunately, their whole-building bills reflected usage for the entire building, and could not be broken down into the three space types and thus permanent condominium residents could not be assigned individual unit energy use.
Both source energy and site energy use were examined since the energy sources used for cooling and heating were very different in the Commonwealth Plaza and Legacy Building. The Commonwealth Plaza uses gas heating and electric cooling, but the Legacy Building uses electricity for both heating and cooling (the gas bills of the Legacy Building are only for ranges and fireplaces in the lobby). Appendix C provides detailed BOE b data for both high-rise buildings. The total annual source BOE use paid for by the building management (Source BOE b ) from April 2013 to March 2014 for the Commonwealth Plaza is estimated to be 1569 MJ/m 2 /year, which is about 74.6% of the Legacy at 2105 MJ/m 2 /year. However, the result is opposite when considering site energy alone. The total annual site BOE use paid for by the building management (Site BOE b ) of the Commonwealth Plaza is estimated to be 1160 MJ/m 2 /year, which is about 23% more than the Legacy at 943 MJ/m 2 /year. This large discrepancy is due to source-to-site conversion efficiencies for electricity generation. Table 5 is widely assumed to be more energy efficient based on its many energy-saving features such as a high-performance curtain wall and having a connection to the city's district chilled water system [42, 43] . However, the Legacy Building was estimated to consume 1229 MJ/m 2 /year (standard deviation = 133.5 MJ/m 2 /year) on a site BOE basis, on average, which is only slightly less than the average site energy use in the much older Commonwealth Plaza (1290 MJ/m 2 /year, standard deviation = 61.5 MJ/m 2 /year). This result might indicate that the BOE saved by the energy saving features in the Legacy Building is offset by the energy consumed by its greater amenities (i.e., indoor pool, whirlpool spa, fitness center, etc.). Moreover, when comparing the source BOE use, the Commonwealth Plaza is predicted to consume 1982 MJ/m 2 /year (standard deviation = 194.8 MJ/m 2 /year), on average, which is approximately 34% less than the newer Legacy Building at 3001 MJ/m 2 /year (standard deviation = 422.8 MJ/m 2 /year). This heightened discrepancy is clearly due to the use of electric heating in the Legacy instead of natural gas heating in the Commonwealth Plaza. low-rise residential buildings (with an average of 1738 MJ/m 2 /year). However, these differences are smaller when averaged on a per-household basis because the Oak Park residences are much larger than the high-rise units ( Table 2 ). The downtown residential towers are estimated to consume 388 GJ/HH/year in source BOE, which is actually slightly less than the suburban low-rise residences at 393 GJ/HH/year. However, on a per-person basis, the high-rise units are estimated to consume 226 GJ/person/year in source OE, which is~87% greater than the suburban low-rise residential buildings at 121 GJ/person/year. Figures 6-8 graphically compare the distribution of BOE in downtown high-rise (N = 42) and suburban low-rise (N = 64) homes, presented on a floor area, per-household, and per-person basis, respectively. Full data for the detailed annual BOE by each home are provided in Appendixs A and C. Differences in annual source BOE between the downtown high-rise and the suburban low-rise home groups were statistically significant on both a floor area and a per-person basis (p < 0.0001 according to nonparametric Mann-Whitney U tests) (see Table 6 ). However, differences in annual source BOE on a per-household basis were not statistically significant (p = 0.552). These data demonstrate that households in this sample of downtown high-rise residential buildings in Chicago, IL actually consume more annual building OE (on a source energy basis) than low-rise residences in suburban Oak Park, IL, both on a floor area and per-person basis. However, the annual building source OE use is comparable on a per-household basis (i.e., Oak Park low-rise residences consume only~1.2% more source BOE per household than the downtown high-rise residences, on average). It should be noted that these findings are limited to the specific building types and household demographics surveyed here. For example, super-tall and luxury residential buildings such as the Legacy Building likely require more BOE for elevators, pumps, fans, on-site management services, and other amenities than a conventional high-rise building. Also, the fact that fewer people live in a relatively larger size unit in downtown high-rise cases resulted in greater BOE use on a per-person basis (i.e., the average GFA per person in the Legacy Building is 1.4 times larger than in Oak Park, as shown in Table 2 ). However, a larger household (HH) size in the Oak Park homes resulted in less OE consumption on a per-person basis (i.e., the average HH size in Oak Park is 3.3 in this study, but only 2.4 across the entire Oak Park neighborhood [40] ). In addition, 37.8% of the household members in the Oak Park residences in this study were children under 18 (compared to only 5.5% in the downtown residences), who might not require as much BOE as a typical adult does. These factors are explored in more detail in the next section. Given these limitations, annual OE use 
Building Operational Energy (BOE) Correlation Analysis
It is important to analyze correlations between BOE and several characteristics of the households and residential buildings surveyed herein. Four variables were evaluated for their influence on the variability in BOE, including the age of residential buildings (ARB, in years), annual HH income, HH size, and GFA/HH (in m 2 ). Linear correlations were first conducted between BOE and each of these variables, treating high-rise and low-rise scenarios separately. Annual HH income was grouped into 12 different income ranges in the survey, and thus was coded in the correlation analysis as 1 for "Under $50,000", 2 for "$50,000-$59,999", 3 for "$60,000-$69,999", 4 for "$70,000-$79,999", 5 for "$80,000-$89,999", 6 for $90,000-$99,999", 7 for "$100,000-$124,999 ", 8 for "$125,000-$149,999", 9 for $150,000-$199,999", 10 for "$200,000-$249,999", 11 for "$250,000-$299,999", and 12 for "$300,000 and over." ARB was excluded in the downtown high-rise scenarios because there were only two different ages of residential towers (i.e., the ages of Legacy Building and Commonwealth Plaza were 7 and 60, respectively).
BOE per HH was not significantly correlated with annual HH income (R 2 = 0.10) or HH size (R 2 = 0.02) in the downtown high-rise cases (N = 42), but was strongly correlated with GFA/HH (R 2 = 0.90). Similarly, BOE per person was not significantly correlated with annual HH income (R 2 = 0.03) or HH size (R 2 = 0.10) in the downtown high-rise cases (N = 42), but was correlated with GFA/HH (R 2 = 0.66). Comparably, BOE per HH was not significantly correlated with ARB (R 2 = 0.15) or HH size (R 2 = 0.13) in the suburban low-rise cases (N = 64), and was only weakly correlated with annual HH income (R 2 = 0.30). BOE per HH was moderately correlated with GFA/HH (R 2 = 0.53) in the low-rise cases. Finally, BOE per person was not significantly correlated with ARB (R 2 = 0.10), annual HH income (R 2 = 0.01), HH size (R 2 = 0.15), or GFA/HH (R 2 = 0.26) in the suburban low-rise cases (N = 64). Further, annual HH income was similar across the two home types; the median income bracket was "$150,000-$199,999" in both locations (p = 0.80 according to nonparametric Mann-Whitney U tests). These correlations clearly demonstrate that the most significant predictor of variability in BOE in both high-rise and low-rise cases is the size of the units or homes (i.e., GFA/HH). Annual HH income, HH size, and ARB only minimally impacted the BOE results. Therefore, it is not necessary to correct for any of these factors in subsequent analyses.
Transportation Operational Energy (TOE)
Travel Behavior Analysis
A comprehensive travel survey was included in the online survey to collect data on the type and number of automobiles owned and operated by each household, as well as their typical weekly travel behavior via all modes of transport for various destinations, including work, school, shopping, restaurant/entertainment, family/friends, and "other" (for the respondent to specify if applicable). These values were then extrapolated for a one-year period. The modes of travel include walking, bicycling, automobile, bus, local CTA train (i.e., the City of Chicago's combination of elevated rail and underground subway mass transit system), regional Metra train (similar to Amtrak), and others (if applicable). Table 7 summarizes the average annual distances traveled by all modes of transport to all destinations for both downtown and suburban homes, presented on both s per-household and s per-person basis.
Automobile travel was found to be the most widely used mode of transport in both study locations, and interestingly, it shared more than half of the total annual distance traveled by residents of both urban (64.7%) and suburban (57.1%) living scenarios. Regional Metra train travel was the second most widely used mode of transport for suburban low-rise residents (27.8% share), but was the least widely used mode of transport for downtown high-rise residents (only 2.1% share). For the other public modes of transport, downtown high-rise residents relied on CTA trains slightly more than buses (CTA train shares were 7.1% vs. bus shares of 6.8%), while suburban low-rise residents shared a similar usage rate of CTA trains (7.7%) but had a very small usage rate of buses (1.3%) [44] . Table 7 . Average annual distances traveled by all the modes of transport, per household and per person, to all the destinations in the downtown high-rise and suburban low-rise scenarios. Table 8 shows the average annual source OE estimated for all modes of transport in both downtown and suburban locations. Automobile transport was the single largest transport use in both locations, accounting for over 90% of transportation OE in both cases. It was estimated to be 94.3 GJ per household per year in the low-rise Oak Park cases, which was approximately 2.8 times greater than in the Chicago downtown high-rises (33.3 GJ/HH/y). On a per-person basis, the average annual source OE for automobile transport in Oak Park was calculated to be 28.6 GJ/person/y, which was approximately 1.6 times greater than in the Chicago downtown high-rises (18.4 GJ/person/y). Transportation OE for regional Metra train travel was higher for the suburban low-rise residences (on both a per-household and a per-person basis), and was similar for local CTA train transit in both locations, although the total energy use of these modes was quite low overall. The average annual source OE for all modes of transportation was estimated to be 103.5 GJ/HH/year on a per-household basis in Oak Park, which was approximately 2.7 times greater than the Chicago downtown high-rise residences at 37.9 GJ/HH/year. Similarly, the average annual source OE for all modes of transportation was estimated to be 31.4 GJ/person/year in Oak Park, which was approximately 1.6 times greater than in the downtown Chicago high-rise residences at 19.9 GJ/person/year. Clearly, residents in the suburban low-rise cases studies herein used much more operational TOE than residents in the downtown high-rise cases, primarily because of greater per-person and per-household automobile travel, which is consistent with most previous literature [3, 7, 12] . Table 8 . Average annual operational energy of automobile, bus, CTA train and Metra train transport across both urban high-rise and suburban low-rise scenarios on both a per-household and a per-person basis. Table 9 summarizes the average annual source OE requirements of the supporting transportation infrastructure (i.e., for automobile, bus, local CTA train, and regional Metra train travel) estimated for downtown high-rise and suburban low-rise residences on both a per-household and a per-person basis. Data are taken directly from tLCAdb. The average annual OE for the transportation infrastructure in Oak Park was estimated to be 2.2 GJ/HH/year on a per-household basis, which was approximately 6.6 times greater than in the Chicago downtown high-rise residences (~0.33 GJ/HH/year). Similarly, on a per-person basis, average annual OE for transportation infrastructure was estimated to be 0.66 GJ/person/year in Oak Park, which was approximately 3.9 times greater than in the downtown Chicago high-rise residences at 0.17 GJ/person/year. In the urban high-rise homes, infrastructure OE for automobile transport was the largest contributor to the total transportation infrastructure OE (share of 72.7%), followed by infrastructure OE for Metra train (15.2%) and CTA train (12.1%) travel. In suburban low-rise homes, infrastructure OE for Metra train was the largest contributor to the total transportation infrastructure OE (share 71.4%), followed by infrastructure OE for automobile travel (at 24%).
Mode of Transport
Mode of Transport Downtown High-Rise Suburban Low-Rise
GJ/HH/y GJ/person/y Percent GJ/HH/y GJ/person/y Percent
Comparison of Total Operational Energy for Buildings and Transportation
Finally, the OE data for building, transportation, and supporting transportation infrastructure were combined to make a direct comparison of the total annual source energy requirements associated with typical residential life in both the downtown high-rise and suburban low-rise residences. Data are again presented on a per-household and a per-person basis (e.g., GJ/HH/year and GJ/person/year). As Table 10 and Figure 9 show, the average household in the downtown Chicago high-rise residences was estimated to account for approximately 427 GJ/HH/year in total source OE use, while those in Oak Park low-rise residences were estimated to account for approximately 499 GJ/HH/year, on average. Thus, the average source energy footprint of downtown high-rise residences was approximately 14% lower than suburban low-rise residences on a per-household basis. However, this direction of this difference was opposite when compared on a per-person basis: the average source OE use of those living in downtown Chicago high-rises was estimated to be approximately 246 GJ/person/year compared to only 153 GJ/person/year in Oak Park low-rise residences. Therefore, on a per-person basis, the average source energy footprint was approximately 61% higher for those living in the downtown high-rise residential buildings. 
Discussion
Comparison to Previous Studies
The findings herein suggest that, when accounting for operational energy (OE) use by buildings, transportation, and transportation infrastructure across these two types of residential case studies, downtown high-rise living was estimated to account for approximately 14% less source OE use than suburban low-rise living on a per-household basis, on average, but approximately 61% more than suburban low-rise living on a per-person basis. This result is in conflict with some early studies such as Norman et al. [3] , Perkins et al. [7] , and Stephan et al. [10] , in which OE for urban high density living was found to be 55%, 24%, and 27% lower than in suburban low density living on a per-person basis, respectively. However, these results are generally in line with other studies such as Fuller et al. and Du et al. [11, 12] . Fuller et al. [11] found that city-center living consumed approximately 33% more than inner-suburban low-density living. Similarly, Du et al. [12] found that downtown high-rise living (using only public data sources and data from the existing literature) consumed approximately 34% more than suburban low-rise living. Table 11 summarizes the OE results in these previous studies in more detail. 
Discussion
Comparison to Previous Studies
The findings herein suggest that, when accounting for operational energy (OE) use by buildings, transportation, and transportation infrastructure across these two types of residential case studies, downtown high-rise living was estimated to account for approximately 14% less source OE use than suburban low-rise living on a per-household basis, on average, but approximately 61% more than suburban low-rise living on a per-person basis. This result is in conflict with some early studies such as Norman et al. [3] , Perkins et al. [7] , and Stephan et al. [10] , in which OE for urban high density living was found to be 55%, 24%, and 27% lower than in suburban low density living on a per-person basis, respectively. However, these results are generally in line with other studies such as Fuller et al. and Du et al. [11, 12] . Fuller et al. [11] found that city-center living consumed approximately 33% more than inner-suburban low-density living. Similarly, Du et al. [12] found that downtown high-rise living (using only public data sources and data from the existing literature) consumed approximately 34% more than suburban low-rise living. Table 11 summarizes the OE results in these previous studies in more detail. BOE was estimated to be the single largest contributor of the total OE in both the downtown high-rise and suburban low-rise cases. BOE accounted for approximately 91% of the total OE in the downtown high-rise cases, and approximately 79% of the total OE in the suburban low-rise cases. Specifically, the average BOE in downtown high-rise cases was found to be 2.6 GJ/m 2 /year, 388.4 GJ/HH/year, and 225.8 GJ/person/year. The average BOE in downtown high-rise cases was found to be 1.7 GJ/m 2 /year, 393.2 GJ/HH/year, and 120.7 GJ/person/year (see Tables 4 and 5) . Interestingly, BOE, which has been widely confirmed as one of the largest contributors of the total OE associated with residential life, did not account for as large of a contribution in the studies by Norman et al., Perkins et al. and Stephan et al. [3, 7, 10] , largely due to higher BOE estimates in this study. For example, the ratio of annual BOE to total OE on a per-person basis was 78% in urban cases and 63% in suburban cases in Norman et al. [3] , 71% in urban cases and 38% in inner suburban cases in Perkins et al. and 63% in urban cases and 55% in inner suburban cases in Stephan et al. [10] . Specifically, Perkins et al. [7] used site energy instead of source energy, which could significantly lower their BOE value as well as the share of the total OE since electricity has a high primary energy conversion factor (typically~3). Further, our estimates of BOE as a fraction of total OE are similar to those reported in Fuller et al. and Du et al. [11, 12] .
Reasons for these discrepancies likely include: (i) this study used empirical data that capture actual variations in human behaviors and lifestyles in buildings rather than modeled estimates of population averages; (ii) this study used data from existing buildings rather than new, energy-efficient buildings (which others have focused on); and (iii) BOE varies greatly with climate zone, envelope materials and thermal properties, vintage, equipment, occupancy, and many other parameters that may have differed in our sample of buildings. For example, Norman et al. and Fuller et al. [11] used country-wide average data for the specific cases in Toronto and Melbourne. Stephan et al. used relatively simple heat transfer models and regional averages for the determination of BOE. Du et al. [12] used modeled energy use of prototypical code-compliant residential buildings of recent construction in Chicago.
Discrepancies may also arise due to differences in the downtown housing cases chosen in this study. Specifically, the scale and function of the downtown housing cases in other studies were relatively small and simple, respectively. For example, the downtown housing case used in Norman et al. [3] was a single 15-story condo building in Toronto; Perkins et al. [7] used 6-8-story apartment buildings as downtown housing cases in Adelaide; Stephan et al. [10] used a 10-story apartment building in the city of Brussels; and Du et al. [12] used a prototypical code-compliant 10-story apartment building in Chicago. Thus, none of the prior cases are directly comparable to either the 27-story Commonwealth Plaza or the 73-story Legacy Building, both of which also have larger requirements for pumps, fans, lighting, etc., and also have a large number of common amenities. This study reveals a more realistic picture of operational energy consumption of tall residential buildings.
Based on the data collected on the residents' actual travel behaviors (in terms of travel distances and modes), TOE in this study was found to be greater than the values in all other previous urban high-density studies, and also greater than most other previous suburban low-rise studies. Specifically, automobile OE was found to be the single largest transport use, accounting for over 90% of transportation OE in both locations. The high parking space availability and car ownership in the four downtown residential towers in this study might have encouraged residents to own and drive automobiles (see Table 3 ). The average number of available parking spaces per unit in the downtown residential towers was 1.4, and the average car ownership per person in the downtown high-rise survey takers was 0.6, which was actually higher than the Oak Park low-rise survey takers. Differences may also be attributable in part to methodological differences between this study and others. For example, none of the other studies listed above conducted a detailed survey to investigate owned vehicle information (i.e., vehicle type, year, and distances traveled for various uses), or actual weekly travel behavior based on multiple major destinations (work, school, shopping, restaurant/entertainment, Energies 2016, 9, 445 20 of 27 family/friends). The collected data on travel behavior, including frequency, travel time, and modes of travel (i.e., walking, bicycling, automobile, bus, local short-distance train, and long-distance commuter train) again allow for a more realistic assessment of TOE in these case study households.
Research Limitations
There are also a number of limitations to this study that should be noted. The four residential towers in this study, especially the Aqua Tower and the Legacy Building, are much taller than an average high-rise building. Specifically, both the Aqua Tower (262-m tall, 86-story) and the Legacy Building (250-m tall, 73-story) can nearly be categorized as "super-tall" buildings, which would likely consume more operational energy for elevators, water system, pumps, and fans than typical medium-or high-rise buildings. Moreover, both the Aqua Tower and the Legacy Building are luxury residential buildings that offer numerous high-quality on-site management service and amenities, which most certainly require more operational energy than the average residential tower. Additionally, these towers may be unique in that they resulted in a larger GFA/person than the low-rise cases (e.g., 77 m 2 per person for Chicago high-rise cases compared to 69 m 2 per person for Oak Park low-rise cases), which further resulted in greater operational energy consumption on a per-person basis in this study. For these combined reasons, the urban high-rise cases may not realistically represent typical high-rise residential buildings in downtown Chicago, although there are certainly many others similar to them.
For these reasons and others, this research could be extended in several ways. First, the embodied energy of these case study buildings and transportation infrastructure (i.e., roads, parking, bus/train stations, train tracks, etc.) was not quantified, which limited the analysis to operational energy rather than total life-cycle energy use. Some studies show that EE could be as important as OE from a life-cycle perspective [10, 11, 45] . Future work should also investigate these same measures across more building types, spanning from low-rise residential to super-tall high-rise structures, and across more residential locations. Moreover, energy consumption that is influenced by direct and indirect impacts resulting from interactions between individual buildings and surrounding urban settings could be considered and analyzed in future work [46] . Further, future research should also quantify the energy implications of more components of urban and suburban infrastructure, such as water, sewage, communications, and power supply and distribution. Lastly, other life-cycle environmental impact categories such as greenhouse gas (GHG) emissions and global warming potential (GWP) could also be quantified and compared between the urban high-rise and suburban low-rise lifestyles.
Conclusions
Overall, the empirical evidence in this paper provides a reasonably complete understanding of the operational energy use for buildings, transportation, and transportation infrastructure for both downtown high-rise and suburban low-rise living based on actual case studies in and around Chicago, IL. Data collected from over 500 households suggests that downtown high-rise living in this sample of urban residences in Chicago, IL accounts for approximately 427 GJ of source energy per household per year, on average, which was 14% lower than the average for suburban low-rise living in the Oak Park, IL homes. However, on a per-person basis, downtown high-rise living accounted for approximately 246 GJ per person per year, which was approximately 61% higher than suburban low-rise living. Results from this work can be used to better inform city planning on ways to prioritize energy-saving strategies in residential construction. 
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